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Unstructured Grid Euler Method Assessment for Longitudinal and Lateral/Directional

Aerodynamic Performance Analysis of the HSR Technology Concept Airplane

at Supersonic Cruise Speed

Farhad Ghaffari

NASA Langley Research Center, Hampton, VA

S ummary

Unstructured grid Euler computations, performed at supersonic cruise speed, are presented for a High

Speed Civil Transport (HSCT) configuration, designated as the Technology Concept Airplane (TCA) within

the High Speed Research (HSR) Program. The numerical results are obtained for the complete TCA

cruise configuration which includes tile wing, fuselage, empennage, diverters, and flow through nacelles

at :1I_ = 2.4 for a range of angles-of-attack and sideslip. Although all the presenl computations are

performed for the complete TCA configuration, appropriate assumptions derived from the fundamental

supersonic aerodynamic principles have been made to extract aerodynamic predictions to complement the

experimental data obtained from a 1.675_,-scaled truncated (aft fuselage/empennage components removed)

TCA model. The validity of the computational results, derived fl'om the latter assumptions, are thoroughly

addressed and discussed in detail. The computed surface and off-surface flow characteristics are analyzed

and the pressure coefficient contours on the wing lower surface are shown to correlate reasonably well with

the available pressure sensitive paint results, particularly, for the complex flow structures around the na-

celles. The predicted longitudinal and lateral/directional performance characteristics for the truncated TCA

configuration are shown to correlate very well with the corresponding wind-tunnel data across the exam-

ined range of angles-of-attack and sideslip. The complementary computational results for the longitudinal

and lateral/directional performance characteristics for the complete TCA configuration are also presented

along with the aerodynamic effects due to empennage components. Results are also presented to assess

the computational method performance, solution sensitivity to grid refinement, and solution convergence
characteristics.
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SYMBOLS

reference span, 1575.1 inches

referen'ce chord, 1139.4 inches

drag coefficient, Drag/(q._ S_¢f)
skin friction coeffÉcient at CL = 0

drag-due-to-lift coefficient at CL = 0

drag coefficient at CL = 0

pressure drag coefficient, pressure/(q._ ,5',._.f)

wave drag coefficient at CL = 0

lift coefficient, Lift/(q_ N_<f)

side-force coefficient, (side-force)/(q._. ,5'_¢1)

rolling moment coefficient, Rolling moment/(q.×_ S_¢f b)

pitching moment coefficient, Pitching moment/(q,=, S_f _)

Yawing moment coefficient, Yawing moment/(q_. S,.e.r b)

pressure coefficient, (p - p._. )/q_.
freestream Mach number

static pressure

fi'eestream static pressure

freestream dynamic pressure

Reynolds number per foot

reference area, 1224112 sq. inches

fraction of wing local chord



y(b/2)

¢t

fraction of configuration semispan

angle of attack, degrees

sideslip angle, measured positive nose left, degrees

semi-vertex Much cone angle, degrees

Abbreviations

FDS

HSCT

HSR

[GES

LaRC

NAS

PSP

SST

TCA

U PWT

NASA

Flux Difference Splitting

High Speed Civil Transport

High Speed Research

Initial Graphics Exchange Specification

Langley Research Center

Numerical Aerodynamic Simulation
Pressure Sensetive Paint

supersonic transport

Technology Concept Airplane

Unitary Plan Wind-Tunnel

National Aeronautics and Space Administration

Introduction

Scientists and engineers from both NASA and U.S. aircraft industry are working towards developing the

necessary technology for the design of the next generation supersonic transport airplane. This effort is being

planned and coordinated through NASA's High-Speed Research (HSR) Program which is being managed

a.t the NASA Langley Research Center (LaRC). The HSR program, initiated in late 1980's, rejuvenated

an earlier U.S. supersonic transport (SST) program which was canceled in 1971 due to environmental and

performance issues (Ref. i). As a result, the issues that caused the cancellation of the SST program

became the major technical challenges of the new tISR program. These technical challenges, recognized

as level-I milestones within HSR program, are broken down into three categories: technology integration

and environmental impact, propulsion technology, and airframe technology. The emerging vehicle design

from the ongoing research, known as the Technology Concept Airplane (TCA), is a jet-fueled, four engine,
cranked delta wing configuration. The TCA configuration is envisioned to cruise at Much 2.4, carrying 300

passengers, over a 5,000 nautical miles.

The present effort is conducted to support the HSR level-II milestone (i.e., aerodynamic performance)

under airframe technology. The objective of this study is to evaluate an existing unstructured grid Euler

method, developed at NASA LaRC, for predicting the aerodynamic performance of the TCA configuration

at the designed supersonic cruise speed. The ability of this particular method, known as USM3D (Ref.

2), has already been successfully demonstrated for predicting the transonic aerodynamic performance of a

similar class of vehicle (i.e., Reference It configuration) for designed cruise (control surfaces appropriately

deflected) and off-designed cruise configurations (Ref. 3). Similarly, this method is also being evaluated

to explore the potential application for predicting aerodynamic characteristics of the TCA configuration at

subsonic high-lift conditions. The documented results from these applications are providing valuable data
Cfor assessing the aerodynamic performance prediction capal)ility of the method for the HS _T (:lass of vehicle

across the relevant speed regimes. Once calibrated, the method can then be used, with confidence, in the

early design and aerodynamic analysis of the vehicle within the HSR t)rogram.

The primary objective of the present effort is to evaluate the USM3D method for predicting longitudi-

nal and lateral/directional aerodynamic performance characteristics of the TCA configuration at the design

._11personic cruise Math number of 2.4. Due to the inviscid nature of the present analysis, the evaluation

emphasis is placed on the method's at)ility to predict the aggregate forces and moments acting on the con-

figuration accurately and not necessarily the detail flow physics. In spite of this fact, some representative



samplesof the predictedflow structuresarepresented.ComplementaD"to existingwind-tunneldata ob-
tainedin the NASA LaRCUnitary Plan Wind Tunnel(UPWT), a computationalmatrix is developedfor
the presentnumericalanalysis.This matrix includesflowconditionsacrossa widerangeof _ at fl = 0 ° for

the longitudinal and a wide range of/3 at a = 0 ° for the lateral/directional analysis.

Experimental Data

The experimental test was conducted in the LaRC UPWT using a 1.675%-scale model of the truncated

(aft-fuselage/empennage removed) TCA model. Figure 1 shows the sting-mounted truncated TCA model as
installed in the UPWT from two different vantage points. In addition to the wing and the truncated fuselage

(empennage also removed), this model consists of flow through nacelles and diverters. The primary objective

of the test was to acquire the supersonic longitudinal and lateral/directional stability characteristics for

evaluating the configuration aerodynamic performance at cruise (M_ = 2.4) as well as limited off-cruise

speed conditions. As a result, the test matrix included only the supersonic cruise configuration, i.e., no

deflection angles for the control surfaces such as the leading-edge and trailing-edge flaps. Furthermore, the

experimental data for sideslip angles were only obtained at zero degree angle-of-attack. The typical Reynolds

number for the test was about 4 million per-foot. In addition to the force and moment, measurements, very

limited Pressure Sensitive Paint (PSP) and surface pressure data are obtained for selected flow conditions.

The available pressure data are used in the present, analysis to gauge the prediction accuracy level and

to demonstrate the ability and/or inability of the Euler method in predicting the pertinent flow physics
associated with such a vehicle class and conditions.

Computational Approach and Attributes

Numerical Modeling Approach

In the present, computationM effort, the complete TCA configuration is modeled including the aft-

fuselage and empennage components. Solid surface representation of the numerical TCA model is shown

in figure 2 from two different perspective views. Although the experimental data have been obtained

with the truncated TCA model, provisions have been made for extracting complementary aerodynamic

characteristics from the present computational analysis of the complete TCA model. This provision is based

on an assumption, derived from the fundamental supersonic aerodynamic principle, that simply states that

any flow dist.nrbance caused by a source in a. supersonic medium does not propagate beyond its Mach cone.
Based on this principle, it is assumed in the present numerical approach that any flow disturbance caused

by the presence of the empennage is confined to a Mach cone originated from the longitudinal station where

the empennage is truncated from the wind-tunnel model. The latter Mach cone and the corresponding

semi-vertex Mach angle (p) is defined as:

t t -_ sin-l(1/_][,_)

The schematic diagram shown in figure 3 illustrates approximately the corresponding Mach cone with

semi-vertex Math angle of # = 8i7_-1(1/_1f,_) = sbt-_(1/2.4) = 24.6 ° over the complete TCA planform for

the present, supersonic cruise Mach number (i.e., 2.4). The computational results for the t.runcated TCA

model, extracted from the complete TCA numerical simulations, have been validated and are discussed in
the next section.

There are two clear advantages associated with modeling the complete TCA configuration in the present

investigation. The obvious a.dvantage is the efficient utilization of the computer resources, i.e., one compu-
tational solution provides results for both the complete TCA model and the truncated TCA model. The

second advantage is that the computational results for the complete TCA model provide valuable aerody-

namic performance predictions for which no experimental data exist presently within the IISR program.

Although the latter aerodynamic predictions for the complete TCA model are not calibrated directly againsl
experimental data, but a subset of which has been calibrated for the truncated TCA model.



Computational Matrix
The UPWT experimentaldata areanalyzedprior to the developmentof tile computationalmatrix

to identify appropriaterangeof angle-of-attackand sideslipanglefor the supersoniccruise Mach number

of 2.4. Subsequently, this analysis led to the selection of an a-range (i.e., -3.5 °, 0 °, 3.5 °, 6°, and 8 °) at

fl = 0 ° for the longitudinal and a fl-range (i.e., 1.5 °, 3 °, 4.5 °, and 6 °) at a = 0 ° for the lateral/directional

aerodynamic performance analysis.

Flow Solver

All the numerical results presented in this report are computed using the flow solver USM3D (Ref. 2)

which is developed at NASA LaRC. The time dependent, three dimensional Euler equations are solved by

the method to simulate the inviscid flow within a computational domain discretized by tetrahedral-mesh
elements. USM3D is based on cell centered, finite volume approach, and uses upwind-biased Flux-Difference-

Splitting (FDS) scheme (Ref. 4) for spatial discretization of the flow primitive variables. Flow solutions are

advanced by the implicit time integration approach (Ref. 5) with convergence accelerated to steady state by

local time stepping and implicit residual smoothing. All computations presented in this report are obtained

with the second-order FDS scheme, minmod limiter and 3-stage subiterations for implicit Guass-Seidel time

stepping. Flow tangency boundary condition is used everywhere on the configuration solid surfaces except

on the blunt base at the nacelles exhaust face where a solution defined transpiration boundary condition is

invoked to simulate a trailing wake-like flow (Ref. 6). This blunt-base boundary condition has been shown

to improve solution convergence for variety of applications, such as a blunt wing trailing-edge, where the

inviscid flow assumption causes a flow singularity at the surface discontinuities such as a sharp corner.

Computational Grid Discretization & Attributes

The initial TCA geometry is defined parametrically in a format known as Initial Graphics Exchange

Specification (IGES), Ref. 7. This geometry served as the database for all the subsequent grid generation
processes. GridTool (Ref. 8) is primarily used to discretize the geometry into various surface patches which

are then fed into VGRID (Ref. 9, 10) for generating the initial surface triangulation by the advancing

fl'ont method. The initial surface triangles, also referred to as the initial advancing front, are then read

back into the GridTool program for the projection onto the initial database defined in IGES format. The

projection process of the initial front onto the initial database is required in order to preserve the proper

surface curvature within the interior of a given patch. Near-field and close-up views of the surface triangles

are shown in figure 4 from two different vantage points. Finally, the projected surface triangles and the

defined farfield boundary patches are used by VGRID to generate the volume grid within the computational

domain along with the corresponding grid and face connectivity files for the flow solver. The flow field grid

generated for the present analysis effectively utilized the newly developed feature of VGRID allowing the

stretching of the grids in any direction on the surface or in the field. The computational grid is generally

stretched on the surface along all the leading edges of various components such as the wing_ the empennage

and the exterior corners of the nacelles. The grid stretching rate-factor is strategically chosen for various

regions of the configuration to efficiently model the local geometrical features and/or the expected flow

physics. The grid stretching rate-factor is varied anywhere between 1.05 to 1.3 for different regions and

generally the higher rate-factor is applied to the field grid in the radial direction at a distance slightly away
from the surface.

The fa.rfield boundary faces of the computational domain, shaped as a rectangular parallelepiped, are

located at. about. 10.5c upstream, 14c downstream, 3.5¢? span-wise, and 9c above and below the numerical

model (see figure 5(a)). For reference, O _ 1140 inches and the origin of the reference coordinate system

(X=0, Y=0, and Z=0) is defined to coincide with the nose apex and the overall configuration body-length

is about 3,912 inches in full-scale d[meii_dn. For all the zero sideslip computations the flow, simulated only

over one-half of the model, is assumed to be flllly symmetrical about, the configuration plane of symmetry.

A nearfield view of the compulational grids in the plane of symmetry is shown in figure 5(b). This baseline

grid consisted of about 60,000 surface triangles (see figure 4) and about 670,000 tetrahedral cells in the



computationaldomain.Typical cellheight,next to the sufaceis about0.016_andabout8 to 10tetrahedral
edgesareusedto definetheinboardwingroundleadingedgecurvaturewhichroughlyextendsbackabout
1%of the local chord. As will bediscussedill the grid sensitMtyanalysisof the next section,this grid
is shownto be adequatefor properresolutionof the flowcharacteristicsacrossthe presentcomputational
matrix.

Longitudinal Aerodynamic Analysis

In this section the computational results are presented in three parts. The results are discussed, first,

for the complete TCA numerical model, followed by the results for the truncated TCA flow simulation and

validation, and finally, the correlations between the predictions and the measured data.. The flow is assumed

to be symmetrical about, the configuration plane-of-symmetry for longitudinal aerodynanfic analysis; thus,

the computations have been performed only for one-half of model. In addition, the discussions pertaining

to the typical on- and off-surface flow features will focus only on the results at _, = 3.5 ° (i.e., approximately

the cruise angle-of-attack for the vehicle).

Complete TCA Flow Simulation

Computations are performed on the complete TCA configuration using the baseline grid for c_ =
-3.5°,0°,3.5 °, 6 °, and 8 ° a.t _lI_ = 2.4 and /3 = 0 °. In this section, numerical results are presented for

typical flow features followed by integrated force and moment predictions for both the complete TCA and the

truncated TCA configuration. For comparison purposes between various results, efforts are made to limit the

contour levels and range, associated with the on- and off-surface flow characteristics (i.e., surface pressure

coefficients and Mach number), the same throughout this report.. In addition, the grid sensitivity effects on

the solution along with the algorithm convergence and performance characteristics are also discussed.

Typical flow features - The surface pressure coeffÉcient contours computed at the design supersonic
cruise angle-of-attack of a = 3.5 ° for the complete TCA configuration are shown in figure 6 for the upper

and lower surface. Although the numerical solutions have been obtained with one-half of the TCA model,

the results have been mirrored about the configuration plane-of-symmetry.

The computed lower-surface pressure coefficients (fig. 6(a)) can generally be characterized by the flow

compress!on around the nose apex region, the inboard/outboard wing leading-edges and a complex shock
wave structure around the engine nacelles. For the inboard wing, the footprint of this compressed flow

(i.e., (Cp)ma_: _ 0.1) is confined to a narrow band that runs parallel along the leading-edge, whereas, for
the outboard wing, the corresponding footprint. (i.e., (Cp),,_: _ 0.15) appears to be wider on the lower

surface spreading downstream to about one-half of the local chord. The lfigh pressure footprints around the

engines are associated with the shock waves emanating from both the inboard and outboard leading edges

of the nacelles inlet lips and diverters. The general character of these shock waves form a very complex

structure in and around the engine nacelles and axe re:examined later in conjunction with the PSP data

correlation. The computed upper surface pressure coefficients (fig. 6(b)) reveal a. fairly benign distribution

over the forebody and a region of flow expansion that runs parallel to the inboard wing leading-edge which

extends onto the wing outboard panel. This pressure distribution also indicates a slight flow expansion

around the leading edge of the outboard wing along with a region of compression around the horizontal-tail

leading-edge.
The off-surface flow-field characteristics are also examined using a variety of flow variables such as the

total pressure coefficient, density, and Math number, in an attempt to highlight the relevant features of

the flow-field. It was subsequently determined that the Mach number contours consistently highlighted the

most relevant flow-field information for the subject, analysis. A typical result, showing the Mach contours

in the l)lane-of-symmetry along with the surface pressure coefficient contours is presented in figure 7, from

two different angles. The surface pressure coefficient.s are plotted over the same range a.s the previous figure

and the Mach numbers are contoured over a compressed range of 2.3 to 2.4. This limited range of Math

number is found to be sufficient to accentuate the main flow features in the majority of the flow field. Over



this contourrange,the Machnumbersexceeding2.4(i.e., freestreamcruiseMach)areshownwhite,while,
Machnuml)ersbelow2.3 are shown in black indicating a slower moving flow relative to the free stream.

The Mach contours clearly show various Mach lines in the plane-of-symmetry, caused by either the presence

of a local geometry, or the footprints of reflected flows caused by other geometrical components such as the

nacelles and diverters. This latter footprint is clearly evident as the off-surface extension of the shock wave

emanates from the leading edge of the inboard nacelle intersecting the plane-of-symmetry.

The computed results also show complex flow characteristics on the interior and exterior surfaces of

the nacelles. To illustrate the complexity of the nacelles interior flow, a close-up view of the computed

surface pressure coefficients (shown earlier in figure 6(a)) is presented in figure 8(a). The latter figure is

repeated in figure 8(b), but it includes the Mach number variations in two stream wise planes (parallel

to the configuration plane-of-symmetry) that roughly cut through the mid-outboard nacelle (i.e., y=370

inches) and the mid-inboard nacelle (i.e., y=206 inches). For consistency, the Mach variations in these

planes are contoured over the same range as figure 7. The Mach variations in the outboard plane clearly

indicate a region of flow compression around the wing leading-edge followed by another region of expansion

and compression before reaching the nacelle inlet. The outboard nacelle interior flow structure can be

characterized by a series of shock waves that bounce back and forth, creating regions of flow expansion and

compression on the interior surfaces of the nacelle, as evident from the surface pressure distribution. Similar
Mach variations can also be seen in the interior flow structures of the inboard nacelle.

Complementary to figures 7 and 8(t)), figure 9 shows the similar Mach variations but for several lon-

gitudinal cross-flow planes. The figures show the results on the l)itched up vehicle viewed from the front.

Both the Mach numbers and surface pressure coefficients are contoured over the same range as the previous

figures. Figures 9(a)-(h) show the surface Cp along with the Mach variations in six longitudinal cross-flow
planes at X=1200, 2300, 2570 (includes a close up), 2750 (includes a. close up), 3200, and 4000 inches,

respectively.

The Mach number distribution in the first two cross-flow planes (figures 9(a)-(b)) clearly show the

circular pattern indicative of the cuts through the Math cone over the forebody and mid-wing region. Also,

note that the Mach contours indicate a region of flow compression over the wing lower surface (i.e., figure

9(b)), covering about one-half of the outboard local-span, leading to a flow expansion around the leading

edges to the upper surface. The Mach variations are shown in figure 9(c) for a longitudinal cross-flow

plane just aft of the nacelle inlet-faces and the wing leading-edge break point. A close up view of the flow

features around the nacelles, from the latter figure, is shown in figure 9(d). The Math number distribution
indicates the presence of a flow compression-band around the exterior surfaces of the outboard nacelles that

develops into a larger region as it extends outboard toward the wing leading-edges. Also note the Mach

expansion (Me, > 2..1 represented by white region) between the two inboard nacelles. The primary flow

feature associated with the Mach number variations in cross-flow planes shown in figures 9(e)-(f) is the

expanded compression region around the outboard nacelles along with the off-surface extension of the shock

waves (i.e., inboard leg close to the plane-of-symmetry) emanating from the inboard nacelle diverter. The

results clearly indicate that the latter standing shock-waves bend outboard and impinge on the exterior side

of the inboard nacelle. Finally, the Mach number distributions are shown in two cross-flow planes, one just

ahead of the empennage (figure 9(g)) and the other located just behind the configuration (figure 9(h)). The

Mach variations in the latter two cross-flow planes illustrate the trailing wake structures associated with

various regions of flow expansion and compression over the configuration.

Force and lnoment predictions - The compuled longitudinal aerodynamic characteristics are presented

in figure 10 for both the complete as well as the truncated TCA configuration at supersonic cruise Mach

number of 2.4. Note that, as discussed earlier, the same numerical solution developed for the complete TCA

configuration, a.t a given angle of attack, is also used to compute the forces and moment for the truncated

TCA configuration, by only integrating the surface pressures over appropriate geometrical components.

The results for compuled lift coefficients clearly indicate minimal effects due to the additional empen-

nage loads at a = 3.50 (i.e., close to the vehicle design cruise angle-of-attack), ttowever, as expected for
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off-designangles-of-attack,the addit]dnalload from the presenceof the empennageon CL becomes more

pronounced, i.e., increase in CL for o > 3.5 ° and decrease in CL for c_ < 3.5 °. Although the latter effects on

CL are relatively small, the corresponding impact on the pitching moment characteristic is considerable due

to the long moment arm. The results indicate that the additional load from the presence of the empennage

on the pitching moment characteristics to be insignificant at a = 3.5 °, cause a pitch down for _ > 3.5 ° and

a pitch up for a < 3.5 °. Furthermore, the empennage load increments on the computed drag coefficient

appear to be small over the examined range of flow conditions. Note that the latter computed inviscid drag
coefficients have not been corrected to account for the skin friction.

Grid sensitivities and solution convergence/performance - All the computational results presented so

far are obtained using the so called baseline grid with certain attributes which were discussed earlier. As

part of the present investigation, an effort is also made to evaluate the effects of flow-field grid resolution

on the numerical solutions presented above. As a. result, a finer field grid is generated using the baseline

surface triangles as well as the farfield boundary faces without any alteration. The final grid, referred to

as the fine grid, consisted of about 1.3 million tetrahedra which is roughly twice as fine everywhere as the

baseline grid. Identical procedures are used to advance the solutions with USM3D flow solver as those used

for earlier solutions obtained with the baseline grid.

Euler computations are performed, using the fine grid, across the angle-of-attack range of the present

investigation. The computed flow field solutions, based on the fine grid, are analyzed and correlated with

those obtained with the baseline grid. Although not presented in this report, in general, all flow field

analyses indicated no distinguishable differences between the results obtained with the baseline and the fine

grid. The effects of flow field grid resolution on the integrated forces and moment are also analyzed. Figure

11 shows the computed longitudinal aerodynamic characteristics with both the baseline as well as the fine

grid. The result, for each solution is presented in two forms: for the truncated TCA and the complete TCA

configuration. The results clearly indicate that the grid refinement induces minimal effects on the predicted

longitudinal aerodynamic characteristics throughout the examined range of angle-of-attack for both the

complete and truncated TCA configuration.

All the present computations are performed on the numerical aerodynamic simulation (NAS) Cray-C90

computer located at NASA Ames Research Center. On this machine, the algorithm required about 21psec

per iteration per cell and about 120 million words of memory for the longitudinal computations (i.e., one-

half the model) using the baseline grid. The memory requirement is doubled for all the computations with
finite sideslip angle. Figure 12 shows the convergence characteristics for all the longitudinM computations

on the complete TCA configuration using the baseline and the fine grid. The solution convergence for all

the longitudinal computations is nominally achieved with about 150 iterations where the total residuals

are dropped by approximately 3 to 4 orders of magnitude and reduced oscillations in CL and CD to a

negligible level. Computation for a typical solution is started from free-stream conditions with the Courant,

Friedrichs, Lewy (CFL) number initially set to 20 which is subsequently ramped up linearly to a value of

40 over the first 100 cycles. Note that the spikes occurring in the residual curves after about 50-60 cycles

are associated with the tolerance level (presently set. at an order of magnitude drop in the total residuals)

built into the algorithm to automatically switch from first, order to second order FDS formulation.

Truncated TCA Flow Simulation and Validation

This section presents the results from the calibration effort conducted to primarily evaluate the validity

of the numerical solutions for the truncated TCA configuration which have been extracted from the complete

TCA model simulation. In particular, this calibration effort, is designed to validate the basic assumption

by demonstrating that the flow disturbance caused by the presence of the empennage in the complete TCA
numerical flow simulation is indeed confined to the Math cone originated from the truncated longitudinal-

station. The approach taken is to numerically model the actual truncated TCA configuration, as tested in the

LaRC UPWT including the sting geometry, and correlate the results with those extracted from the complete
TCA configuration. For consistency, the same surface triangles as those used in the complete TCA model are



usedto representtile actualtruncatedTCA configuration. Subsequently,an approximaterepresentation
of the wind-tunnelmodelsting geometryis incorporatedinto the truncatedTCA numericalmodelby
repeatingthe last fuselagecross-section(i.e.,longitudinalstationwheretheempennageis truncated)to the
downstreamfarfield boundary.Similar grid strategy,as thoseusedto construct the baseline grid for the

complete TCA configuration, is employed to generate a consistent field grid in terms of general distribution

and number of points. The surface triangles for the truncated TCA numerical model, including the sting

representation, along with the grids in the plane-of-symmetry are shown in figure 13. The final grid for the

truncated TCA numerical model comprised of about 45,000 surface triangles and approximately 650,000

tetrahedral mesh in the computational domain. Computations are performed, for the truncated TCA

numerical model, across the angle-of-attack range selected for the longitudinal aerodynamic analysis in the

present investigation. The computational results are discussed in the following two sections for typical flow

features and the integrated forces and moment.

Typical flow features - Tile surface pressure contours, computed at the supersonic cruise angle-of-

attack of 3.5 ° for the truncated TCA configuration, are shown in figure 14, from identical vantage points

and over the same range as the results shown earlier in figure 6 for the complete TCA configuration. Tile

solid surface model for the sting geometry representation is also included in these figures. The computed

results on the truncated TCA model clearly indicate surface pressure contours that are very close, both in

terms of general characteristics and the magnitudes in various regions, to the solutions obtained over the

same components (i.e., truncated TCA) from the complete TCA numerical model. Furthermore, the Mach

number variations in several longitudinal cross-flow planes located at X=2570, 2750, 3200, and 4000 inches

along with the computed surface pressure contours are shown in figure 15. These Mach number variations

in different cross-flow planes complement those shown earlier for the complete TCA numerical results at

the same longitudinal stations (i.e., figures 9(c), (e)-(h)). The Mach number distributions for the first two
cross flow planes (i.e., figure 15(a)-(b)), obtained from the truncated TCA numerical simulation, clearly

indicate very similar characteristics to those presented earlier for the coinplete TCA configuration at the

same longitudinal stations (i.e., figure 9(c)-(e)). However, the Mach number variations shown in the last

two cross flow planes (i.e., figure 15(c)-(d)) indicate certain characteristics that are different from those
computed for the complete TCA (figure 9(g)-(h)), particularly at the last plane. Note that, relative to the

complete TCA model, the latter two cross flow planes are located just ahead and just aft of the empennage

geometries which are not modeled for the truncated TCA configuration. As a results, the local geometry

perturbations (i.e., the lack of empennage presence) are expected to cause some differences in the solutions
for near field region with diminishing effects away from the configuration in the radial direction.

Force and moment predictions - The longitudinal aerodynamic characteristics computed for the trun-

ca.ted TCA numerical model are presented in figure 16 across the examined angle-of-attack range. The

complementary results extracted (i.e., for only the truncated TCA components) from the full TCA numeri- :

cal model are also included for comparison. It should be noted that the predicted drag coefficients presented

in the latter figure have not been corrected to account for the skin friction contribution. The results clearly

indicate that nearly identicM longitudinal aerodynamic characteristics can indeed be predicted for the trun-

cated TCA configuration by either modeling the actual geometry or by integrating the pressures over _he

appropriate geometrical components from the numerical solutions obtained for the full TCA configuration.

As a result, the validity of the present approach in modeling the full TCA configuration, not only to ob-

tain the aerodynamic predictions for the complete vehicle but also for the truncated TCA portion of the

configuration (i.e., proper integration of pressures for geometrical components), is clearly demonstrated.

Euler Drag Correction and Data Correlations

CD,/ determination - There are two aerodynamic l_henomena contributing to the total drag force

exerted on an airborne vehicle, the viscous (or the skin friction) component (CD,/) and the pressure drag



(or the drag-due-to-liftor thevortexdrag)component(CD,p).In supersonicflowthe pressuredrag canbe
decomposedinto tile drag-due-to-lift(CD,t)andthe wavedrag (CD,w)components.Hence,

Cr) = Cn,: + CD,v

Cn = CD,: + Co,l + Cn,w

The conventional approach is taken to correct the drag coefficients predicted by the present Euler

analysis to account for the viscous component of the total drag coefficient. This correction is required

primarily due to the inviscid nature of the present Euler analysis and the inherent ability of the corresponding

equations to only predict the pressure components of the total drag. This conventional approach is based on

determining tile total drag coefficient at zero lift (i.e., CD,o) using tile experimental data for the drag polar

curve. This approach is adopted and the CD,o is determined graphically, as shown in figure 17, to be 98.9,1

drag counts. Note that the cubic spline curve-fit is used to connect the experimental data points plotted

over a small range to graphically determine the CD,o with reasonable accuracy, ttowever, the determined

CD,o is not only drag contribution due to viscosity but it also includes wave drag component (i.e., Co,o =

CD,: + CD,_,). In an effort to isolate the wave drag component from the determined CD,o, the baseline

unstructured-grid developed earlier for the Euler analysis of the truncated TCA model is employed to
compute the flow at a = 0.2 ° which was found to correspond to the experimental zero-lift data (see figure

18). The latter computation was performed and the corresponding lift coefficient was predicted indeed very

close to the expected value of zero, as shown ill figure 19, and thus correlated well with the experimental

data. Therefore, it is assumed that the pressure drag coefficient predicted by the Euler method is solely

the wave drag component (CD,,,) with no contribution from drag-due-to-lift (CD,z). The resulting wave
drag coefficient is computed to be 31.27 counts. As a result, the skin friction contribution to the total

drag for the truncated TCA configuration is found to be 98.94- 31.27 = 67.67 counts. This skin friction
contribution, assumed to remain constant with a and/J, is used to correct all the drag coefficient predictions

in the present Euler analysis for the truncated as well as the full TCA configuration.

Force and moment The computed longitudinal aerodynamic characteristics are presented in figure

20 for both the complete and the truncated TCA configuration, along with the experimental data obtained
with the truncated TCA model at supersonic cruise Mach number of 2.4. Note that the latter numerical

results are identical to those shown earlier in figure 10 except for the drag coefficients which now include the

skin fi'iction component. The correlation between the predictions of experimental data for the truncated

TCA configuration indicate excellent agreement for the pitching moment, lift and drag coefficients across the

examined angle-of-attack range. It should also be noted that the computed drag coefficients presented for the

complete TCA configuration do not include the skin friction contribution for the empennage components.

Surface pressure A limited amount of PSP data were also acquired on the truncated TCA model

during the UPWT test. Typical PSP data obtained over the wing lower-surface of the TCA supersonic

cruise configuration (i.e., no control surface deflection) at a = 3.5 ° and M._ = 2.4 is presented in the righl

hand-side of figure 21. Complementary to the experimental PSP result, the surface pressure coefficients

computed for the same configuration and flow conditions, by the present Euler method, is shown from

the same vantage point on the left hand-side of figure 21. The latter computational result is actually
extracted from the same numerical solution that was presented earlier in figure 6. The pressure range and

the corresponding color map have been changed to match that of the PSP data. The results clearly show

that the three main flow features highlighted by a region of fairly benign pressure distribution on the inboard

wing ahead of the nacelles, flow compression under the wing outboard section, and the general character of

the complex shock wave structures around the nacelles have been predicted reasonably well. It should also

be noted that the diffusive structure of the shock waves around the nacelles in the PSP result is primarily

attributed to viscous effects which are not modeled by the Euler formulation.

There were also limited surface pressures measured in several chordwise stations on the truncated
TCA model during the UPWT test. The left hand-side of figure 21 shows the relative locations of three
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chordwisestations(i.e.,y(b/2) = 0.199,0.413,0.680)selectedfor the presentanalysisand correlationswith
the numericalresults. Themeasuredsurfacepressurecoefficients,obtainedat c_ = 3.5 °, Mo_ = 2.4, and

R jr = 4 × l0 _, for the selected chordwise stations are shown in figure 22 along with the corresponding

numerical predictions. The results clearly indicate a very good correlation between the measured and
the predicted pressures on the upper surface at all three stations. Similarly, the lower surface pressure

distribution is predicted fairly well except it! the vacinity of the nacelles where the shock wave location,

highlighted by the sudden pressure increase (i.e., y(b/2)=0.199, 0.413), are predicted further aft than the

experimental data indicate. The lack of a good agreement between the measured and computed pressures,

for the shock wave locations, in the vacinity of the nacelles is also evident in figure 21 discussed in the

previous paragraph.

Lateral and Directional Aerodynamic Analysis

The computational results for sideslip angles (i.e., ¢/= 1.5 °, 3 °, 4.5 °, and 6 °) at a = 0 ° for the complete

TCA configuration at supersonic cruise speed are presented in this section. The unstructured grid for the

computations is generated for the complete TCA by mirroring the baseline grid, developed earlier for the

longitudinal analysis, about the configuration plane-of-symmetry. The resulting grid consisted of about 1.3

million tetrahedra and about 120,000 surface triangles. A typical sideslip computation required about 240

million words of memory and the algorithm took about 50psec per iteration per cell. Similar procedures

are used to advance the solutions for the each sideslip angle as those used for earlier computations at zero

sideslip. The solution convergence characteristics for all the sideslip computations are presented in figure

23. Similar to the zero-sideslip computations, a typical solution convergence is nominally achieved with i50

cycles where the total residuals are dropped by about 4 orders of magnitude and reduced oscillations in CL

and CD to a negligible level. However, the computations at 6 degree sideslip angle required 250 cycles to

approximately converge to the same level of orders of magnitude as those achieved for lower sideslip angles.

Unlike the computations at lower sideslip angles, the latter solution took about 100 cycles to achieve an order

of magnitude drop in the residuals before the algorithm switched from the first order FDS approximation
to the second-order.

Typical Flow Features - The surface pressure coefficient contours computed at a. = 0 °,/_ = 3 ° and

M_ = 2.4 for the complete TCA configuration are shown in figure 24. These surface pressure coefficients

are plotted consistent with the results for longitudinal analysis shown in figure 6, over the same contour

range for both the lower and upper surface. Note that, in addition to the sideslip angle, the angle of attack

is also different between the computational results shown in figures 24 and 6.

The computed surface pressure coefficients clearly show the expected asymmetrical load distribution
on both lower and upper surface. The lower surface pressure contours indicate a region of expansion

(Up ,_ -0.2) that runs roughly parallel to the starboard leading-edge of the inboard-wing, whereas, the
pressure contours around the port-side leading-edge of tile inboard wing indicate a fairly benign attached

flow condition. The upper surface pressure contours indicate a uniform distribution over the majority

of wing with a narrow band of compression along the starboard leading-edge of the inboard wing which

expands over onto the outboard section. In addition, the computed upper surface pressure contours over

the horizontal tails also show a large region of compression on the starboard side.

Typical off-surface flow characteristic and the corresponding effects on the wing lower-surface computed

at 3I._0 = 2.4, o = 0 ° and 9 = 3 _ for the complete TCA configuration are shown in figure 25. Consistent

with the earlier results for longitudinal analysis (i.e., figures 9(e) and 9(g)), the computed Mach number

variations in two typical cross-flow planes, located a.t longitudinal stations X=2750 and X=3200 inches,

in conjunction with the wing surface pressure contours, are shown in figures 25(a) and 25(b). The flow

asymmetry due to sideslip angle is clearly shown in the cross-flow Math number variations, particularly in

figure 25(a), with respect to the shock wave structures in the vicinity of the nacelles and around the wing

leading-edges.
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Force and Moment Predictions and Correlation With Data - The overall aerodynamic force character-

istics computed for the complete TCA configuration across the examined range of sideslip angles a.t. a = 0 °

and ?tI_ = 2.4 are presented in figure 26. The experimental data for the truncated TCA model along with

complementary results extracted from the full TCA numerical simulation (i.e., with appropriate component

integration to only account for the truncated TCA geometry) are also included in figure 26.

The predicted side-force coefficients for the truncated TCA configuration are in excellent agreement

with tile experimental data, both in terms of magnitude and trends, across the examined range of sideslip

angles. In general, the side-force coefficients appear to vary in a fairly linear fashion with sideslip angle.

The results also indicate that the presence of empennage primarily effects the slope of the Cy vs. fl curve,

but. not its linear characteristic. This change in slope can mainly be attributed to the asymmetrical load

contribution cause by the vertical-tail presence.

The measured lift coefficients for the truncated TCA model along with the numerical estimates for the

complete as well as the truncated TCA configurations are presented in figure 26. Note the small scales for

the plot and the resulting variations in lift coefficients for the all configurations across the examined range

of sideslip angles. The computed lift coefficients for the truncated TCA configuration correlate very well

across the range of measured data. The presence of the empennage also appears to cause a nearly constant

increase to the overall lift coefficient, though in the negative direction, for all the sideslip angles considered

in the present study.

The computed and the measured drag coefficients for the truncated TCA configuration are shown in

figure 26 along with the numerical drag predictions for the complete TCA model. The same skin friction

coefficient, determined earlier, in conjunction with the longitudinal aerodynamic analysis (i.e., 67.67 drag

counts), is also used to correct the drag coefficients predicted at finite sideslip angles. The results clearly
show an excellent comparison between the measured and predicted drag coefficients for the truncated TCA

configuration across the examined range of sideslip angles. Similar to the lift characteristics discussed in

the previous paragraph, the presence of the empennage also appears to cause a nearly constant increase in

the overall drag coefficient for all the sideslip angles considered in the present study. It should also be noted

that, similar to the longitudinal analysis discussed earlier, the computed drag coefficients presented for the

complete TCA configuration do not. include the skin friction contribution for the empennage components.

The computed and measured aerodynamic moment characteristics for the truncated TCA configuration

are presented in figure 27 for the supersonic cruise Mach number of 2.4 at zero degree angle of attack.

Complementary numerical predictions for the complete TCA configuration are also included in figure 27

for comparison. In general, there is an excellent correlation between the numerical predictions and the
experimental data. for the aerodynamic moment characteristics of the truncated TCA configurations across

the examined range of sideslip angles. As expected, the aerodynamic moments predicted for the complete

TCA configuration clearly indicate dramatically different characteristics than those of the truncated TCA
model. These differences in the moment characteristics are primarily due to the empennage components.

For example, the results indicate a sign reversal in the yawing and rolling moments which can primarily be

attributed to the presence of the vertical and the horizontal tails, respectively. Furthermore, the pitch-up

moment characteristics for the complete TCA configuration can mainly be attributed to the negative load

contributions due to the empennage presence (i.e., see figure 27).

CONCLUDING REMARKS

Inviscid supersonic flow results and analyses are presented for a High Speed Civil Transport (ttSCT)

configuration, designated as the Technology Concept Airplane (TCA), within the ttigh Speed Research

(HSR) Program. The numerical results, based on an unstructured grid Euler method, are obtained for the

complete TCA configuration over a range of angle-of-attack and sideslip angles at the designed supersonic
cruise Mach number of 2.4. An efficient numerical modeling approach, based on an assumption derived from

the fundamental supersonic aerodynamic principles, has been devised to extract aerodynamic predictions

to complement the experimental data obtained from the truncated (af! fuselage/empennage components

removed) T(!A wind-tuunel model. The validity and the accuracy of the results obtained from the lalter
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numericalmodelingapproacharealsoaddressed.
The predictedsurfacepressurecoefficientcontoursare.analyzedand the complexshock-wavestruc-

tureson thewinglower-surfacearoundthenacellesarefoundto correlatereasonablywellwith theavailable
PressureSensitivePaint resultsobtainedat a = 3.5 °, 3Io_ = 2.4, and fl = 0 °. The numerical results for

the off-surface and the nacelles internal flow structures are also presented and analyzed. Though plausible,

no experimental data are available to assess the corresponding prediction accuracy levels. The predicted

longitudinal and lateral/directional aerodynamic performance characteristics for the truncated TCA config-

uration are shown to correlate very well with existing experimental wind-tunnel data across the examined

range of o and fl at M_ = 2.4. The complementary computational results for the longitudinal and lat-

eral/directional performance characteristics for the complete TCA configuration are also presented along

with the aerodynamic effects due to empennage components. In addition, results are presented to assess

the computational method performance, solution sensitivity to grid resolution, and solution convergence
characteristics.

The numerical results clearly indicate that the present unstructured grid Euler method is a viable tool

that can be used, with confidence, for the aerodynamic analysis of the tISCT class of vehicle in the early

configuration design cycle. The present analysis also indicates that the method is robust and produces

consistent solutions across the examined range of conditions without any convergence difficulties.
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Figure 1. 1.675%-scaletruncatedTCA wind-tunnelmodelin LaRCUPWT.

13



(a) Lower-surfaceview-.

z

Figure 2.

(b) Upper-surface view.

Computational solid surface model for the comt)lete TCA.
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3. Complete TCA solid model planform and the corresponding Mach cone for the lrunca(ed aft-fuselage/empennage.
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Figure 4. Computational surface grids.
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(c) Lower-surface close-up view.
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(d) Upper-surface close-up view.

Figure 4. Concluded.
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(a) Overall farfield boundaries.

\

(b) Close-up view of the grids in the plane-of-symmetry.

Figure 5. Computational dolnain and plane-of-symmetry grids.
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(a) Lower surface.

Surface Cp

Figure 6.

(b) Upper surface.

Computed surface Cp contours - a = 3.5 °, M_. = 2..1, j3 = 0°.
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(b) Upper surface.

Figure 7. Computed surface C l,and Mach variation in the plane-of-symnletry, a= 3.5 °, m_ = 2..t, i3 = 0
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(a,) Surface Cp.

Figure 8.

(b) Surface Cp and off-surface Mach variation.

Close-up view of the nacelle's computed flow characteristics, o = 3.5 °, M._ = 2.d, ,.'_= 0 °.

2I



Mach variation in

cross-flow plane ......... S_ce Cp

2.3 0,2

(a) Cross-flow cut at X=1200 in.
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_(b) Cross-flow cut at X=2300 in.

Figure 9. Comimted surface Cp and Math variation in cross-flow planes, a = 3.5 °, M_ = 2.4, ,3 = 0 °.

22



_i̧¸ _i
in ......... _ ..........Mach variation

cross-flow plane Cp

iiii!i!iii

-0.2

Figure 9. Continued.
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Figure 9. Conlinued.
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cut at X=4000 in.

Figure 9. Conluded.
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(a) Lower-surface.
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Figure 13.

(b.) Upper-surface.

Computational grids on the surface and pla,ne-of-symntetry for the truncated TCA configuration.;
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(b) Upper surface.

Computed surface Cp for the truncated TCA - a_= 3.5 °, M_ = 2.4, ;_ = 0 °.
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Figure 15. Truncated TCA computed surface Cp and Math variation in cross-flow planes, o,= 3.5 °, ]if,x. = 2.4,/5
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Figure 23. Solution convergence characteristics at sideslip angles. M_ = 2..1, o= 0 °.
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